Mutations in the Cu/Zn superoxide dismutase (SOD1) gene cause one form of familial amyotrophic lateral sclerosis, a progressive disorder of motor neurons leading to weakness and death of affected individuals. Experiments using both transgenic mice expressing mutant SOD1 and SOD1 knock-out mice have demonstrated that disease is caused by a toxic gain of function and not by a loss of normal SOD1 activity. Precise mechanisms underlying mutant SOD1 toxicity are unclear but may involve abnormal interactions between zinc and SOD1.
Mutations in the Cu/Zn superoxide dismutase (SOD1) gene cause one form of familial amyotrophic lateral sclerosis, a progressive disorder of motor neurons leading to weakness and death of affected individuals. Experiments using both transgenic mice expressing mutant SOD1 and SOD1 knock-out mice have demonstrated that disease is caused by a toxic gain of function and not by a loss of normal SOD1 activity. Precise mechanisms underlying mutant SOD1 toxicity are unclear but may involve abnormal interactions between zinc and SOD1.
The metallothioneins (MTs) represent a family of zinc binding proteins that can function as zinc chaperones for apo-SOD1 in vitro. We hypothesized that manipulation of metallothioneins in vivo might alter the disease phenotype of transgenic mice expressing G93A SOD1 and therefore crossed this line with MT-I and MT-II or MT-III knock-out mice. G93A SOD1 mice deficient of either MT-I and MT-II or MT-III exhibited significant reductions in survival compared with G93A SOD1 mice. In addition, motor dysfunction was markedly accelerated in G93A SOD1 mice deficient in metallothioneins with regard to onset (MT-I and MT-II) or progression (MT-III).
These results indicate that the disease course in G93A SOD1 mice is dependent on levels of metallothionein expression. Because MT-I and MT-II are expressed in glia whereas MT-III is found in neurons, these results also indicate that primary changes within non-neuronal cells can affect mutant SOD1-induced disease and do so in ways distinct from primary neuronal changes.
Key words: amyotrophic lateral sclerosis; metallothionein; copper; zinc; glia; transgenic
Although mechanisms underlying mutant superoxide dismutase (SOD1) toxicity remain unclear, abnormalities in zinc binding to SOD1 have been implicated in disease pathogenesis (Elliott, 2001) . Zinc is important in maintaining the structural integrity of SOD1, and, when depleted of zinc, SOD1 gains enhanced ability to react with peroxynitrite and catalyze the addition of nitro groups to tyrosine residues (Lyons et al., 1996; Crow et al., 1997a; Goto et al., 2000) . Mutant SOD1 exhibits markedly reduced affinity for zinc compared with wild-type SOD1 and has enhanced nitration activity (Crow et al., 1997a,b) . Indeed, biochemical hallmarks of protein nitration, including elevated 3-nitrotyrosine products, have been found in spinal cords from amyotrophic lateral sclerosis (ALS) patients and mutant SOD1 (mSOD1) transgenic mice Bruijn et al., 1997a; Toghi et al., 1999) . Zinc binding may also be important in modulating protein aggregation, another possible mechanism of toxicity (Johnston et al., 2000; Cherney et al., 2001; Curtain et al., 2001; Quaglio et al., 2001) . Recent work has addressed biological consequences of zinc-depleted SOD1, finding that it is highly toxic when introduced into motor neurons in vitro (Estevez et al., 1999) . However, experiments directly assessing the role of zinc in disease pathogenesis have been limited, partly because of the difficulty in altering zinc binding in live animals. To address the role of zinc in mSOD1 toxicity in vivo, we used an alternative approach involving the manipulation of proteins involved in zinc homeostasis with subsequent analysis of changes in disease phenotype.
The metallothioneins (MTs) represent a family of zinc binding proteins, three of which, MT-I, MT-II, and MT-III, are found in the murine nervous system. Metallothioneins are important in the regulation of zinc bioavailability within cells, by acting as chaperones during the synthesis of metalloenzymes (Jacob et al., 1998; Palmiter, 1998) . Metallothioneins are rich in cysteine residues that bind zinc and can be readily oxidized with subsequent release of zinc to accepting proteins, including apo-SOD1 (Suzuki and Kuroda, 1995) . Experiments using genetically altered mice with metallothionein overexpression or deletions have shown that these proteins protect the CNS from oxidative injury or heavy metal toxicity (Masters et al., 1994b; Erickson et al., 1997) . Metallothionein expression is markedly upregulated in the spinal cords of ALS patients and transgenic mutant SOD1 mice, suggesting that these molecules also serve a protective function in disease potentially related to their zinc binding capacity (Smitt et al., 1992; Blaauwgeers et al., 1996; . Therefore, we decided to use changes in metallothionein expression to study the role of zinc in mutant SOD1 toxicity in vivo. Consequently, we crossed transgenic mice expressing a G93A SOD1 mutation with MT-I and MT-II or MT-III knock-out mice and then studied changes in the disease phenotype.
Motor neuron dysfunction and degeneration are hallmarks of ALS, but recent work using tissue-specific expression of mutant SOD1 in transgenic mice has suggested that interactions between neurons and glia may be necessary to generate a disease phenotype Pramatarova et al., 2001) . The differential expression of metallothioneins within the CNS can also be used to assess potential neuronal and glial contributions to the disease process. Because MT-I and MT-II are restricted to glia whereas MT-III is neuronal, targeted manipulation of distinct metallothioneins allows change within each cellular compartment (glial or neuronal) to be made directly and independently (Nishimura et al., 1992; Palmiter et al., 1992; Masters et al., 1994a; . Our results indicate that both neuronal and non-neuronal cells contribute to disease progression in G93A SOD1 mice.
MATERIALS AND METHODS
Mouse lines, breeding strateg y, and genot yping. Transgenic mice expressing the low copy number human G93A SOD1 mutation (B6SJL -TgNSOD1-G93A; JR2300) were obtained from The Jackson Laboratory (Bar Harbor, M E). Mice with targeted deletions of both MT-I and MT-II loci (129S7/SvImJ) were also obtained from The Jackson Laboratory. MT-III knock-out mice (129Sv/C5Bl) were generously provided by Dr. Richard Palmiter (University of Washington, Seattle, WA) and have been well characterized (Erickson et al., 1997) . T wo differing breeding paradigms were used for MT-I and MT-II or MT-III crossing with G93A SOD1 transgenic mice. For an accelerated breeding program (B a ), G93A SOD1 mice were crossed to either MT-I and MT-II or MT-III knock-out mice. F1 offspring, all heterozygous for metallothionein expression and G93A SOD1 positive, were then backcrossed to metallothionein homozygous founders. Progeny, heterozygous for metallothionein and G93A SOD1 positive, were then bred with metallothionein heterozygous siblings. This cross allows all possible genotypes to be generated with adequate internal controls, and consequently only these mice were included in the study. A prolonged breeding paradigm (B p ) was also used for crossing G93A SOD1 mice with MT-I and MT-II knock-out mice. Using this strategy, G93A SOD1 transgenic mice were crossed with MT-I and MT-II knockout mice. F1 offspring were then backcrossed for eight generations onto the G93A SOD1 strain. After the eighth generation, metallothionein heterozygotes positive for G93A SOD1 were then bred to metallothionein heterozygous siblings, again allowing all potential genotypes to be generated and analyzed.
Offspring were genotyped using genomic DNA isolated from tails digested overnight with proteinase K at 50°C. The following primer pairs for PCR were used: 5Ј-CAT CAG CCC TAA TCC ATC TGA-3Ј and 5Ј-CGC GAC TAA CAA TCA AAG TGA-3Ј. This will amplif y a 236 bp fragment from mice carrying the human G93A SOD1 transgenic construct. 5Ј-CGC GC T CAC TGA C TG CC T TC -3Ј and 5Ј-C TG GGAGCA GCA C TT CGC ACA GC -3Ј will amplif y a 282 and 299 bp fragment from wild-type or MT-II knock-out alleles, respectively. 5Ј-ACG TAG CGC ATC CGC TTG-3Ј and 5Ј-C TC TTC TTG CAG TTC GTG C -3Ј will amplif y a 154 bp fragment from a wild-type MT-III allele. 5Ј-C TT GGG TGG AGA GGC TAT TC -3Ј and 5Ј-AGG TGA GAT GAC AGG AGA TC -3Ј will amplif y a 280 bp fragment from the neomycin cassette used to generate the MT-III knock-out.
Motor testing and survival anal ysis. The stride test was performed with slight modifications from previously published methods . Mice had their hindpaws dipped in nontoxic ink and were trained to walk across the 1 m white board for recording footprints. Stride lengths were measured in millimeters. Mice unable to move hindlimbs and perform this task were graded as zero. Statistical analysis was performed using the Student's t test. Forelimb grip testing was done with a grip metertransducer (Ugo Basile, Comerio, Italy) designed especially for mouse. At monthly testing intervals, three independent trials were performed, with the top two being averaged. Animals unable to grip were recorded as zero. All procedures performed on mice were approved by an animal research committee (ARC, University of Texas, Southwestern Medical C enter, Dallas, TX) and conform to National Institutes of Health guidelines. Animals unable to correct posture when placed on side were considered end stage and killed. Survival analysis was performed using the Kaplan -Meier method.
Immunochemistr y and histolog y. After overdose with pentobarbital (250 mg / kg, i.p.), animals were killed and then perf used with 4% paraformaldehyde for spinal cord and brain removal. For immunohistochemistry, paraffin-embedded sections (10 m) were incubated with a rabbit polyclonal GFAP antibody (1:250 dilution; Dako, High Wycombe, UK), visualized using an immunoperoxidase reaction (the one kit; Sternberger Monoclonals, L utherville, MD), and counterstained with cresyl violet (.5%). For motor neuron counting, 8 m sections of L5-L6 spinal cord from paraffin-embedded tissue were stained with 0.5% cresyl violet. Random sections through the L5-L6 cord were selected and used for counting. Motor neurons were identified using established criteria (Deckwerth et al., 1996; Reaume et al., 1996; Kostic et al., 1997) , and the number of motor neurons per spinal cord section was counted by an examiner unaware of the animal genotype. At least five sections per animal were used, and the average number of motor neurons per slice per animal was assessed.
Western blotting. Animals were overdosed with sodium pentobarbital (250 mg / kg, i.p.). Spinal cords were dissected and homogenized in 20 mM Tris-HC l, pH 7.5, 2 mM DTT, 0.1 mg of leupeptin, 1 mM EDTA, and 1 mM EGTA. The homogenate was then centrif uged at 14,000 ϫ g to pellet debris. Protein concentration was measured using the BCA protein assay (Pierce, Rockford, IL). Protein (25 g) from each sample was run on a 4 -20% Tris-glycine gel (Invitrogen, San Diego, CA). After transfer, membranes were washed in PBS, followed by overnight incubation in blocking buffer [0.2% I-block (Applied Biosystems, Foster C ity, CA), PBS, and 0.1% T ween 20]. The membrane was then probed with a polyclonal rabbit anti-bovine SOD1 (Chemicon, Temecula, CA) antibody at 1:4000 dilution. After several washes, membranes were incubated with an alkaline phosphatase-conjugated secondary antibody (1:5000 in blocking buffer), and the immunoreactive signals were visualized using an enhanced chemiluminescent reagent, CDP Star (Western Star kit; Tropix). After exposure, films were scanned and then imported into N IH Image for quantitation of band density.
Zinc determination. Mice from 5.5-6 months of age were used for zinc determination. Mice were overdosed with sodium pentobarbital (250 mg) and perf used with PBS before tissue removal. All glassware was first soaked in 5% nitric acid and then rinsed with 18 M⍀ deionized water before use. Animal tissue was hydrolyzed overnight in 70% "ultraspec" nitric acid at 102°C. Sample blanks, consisting of nitric acid only heated overnight, were included with tissue samples. Total zinc was determined using a Varian Spectra AA-20 atomic spectrophotometer at 213.9 nm wavelength according to the instructions of the manufacturer. Three to four animals were used per group. Units for zinc are given in micrograms per gram of wet weight of tissue.
RESULTS

Expression of glial metallothioneins influences survival and disease course in G93A SOD1 transgenic mice
To assess a potential role for glial metallothioneins (MT-I and MT-II) in mutant SOD1-induced disease, we crossed G93A SOD1 transgenic mice with knock-out mice lacking both MT-I and MT-II. These double knock-out mice have a normal lifespan and do not exhibit a motor neuron phenotype. Initially, we used an accelerated breeding program (rapid backcross to metallothionein strain) to generate and compare G93A SOD1 mice with the three possible metallothionein genotypes (wild type, heterozygous, and homozygous knock-outs). The survival curves for the accelerated paradigm are shown in Figure 1 . G93A SOD1 mice deficient in MT-I and MT-II demonstrated a significantly reduced mean survival (204 Ϯ 4 d) compared with G93A SOD1 mice with normal metallothionein expression (240 Ϯ 3 d; p Ͻ 0.0001). This 36 d change corresponds to a 15% overall reduction in G93A SOD1 lifespan. G93A SOD1 mice heterozygous for MT-I and MT-II also exhibited a significant reduction in mean survival (221 Ϯ 4 d), although not to the same degree as homozygous knock-outs. Thus, survival in G93A SOD1 mice is dependent on MT-I and MT-II expression in a dose-dependent manner. These results suggest that primary changes within non-neuronal cell populations can significantly affect survival of mutant SOD1 mice.
To ensure that survival changes observed in G93A SOD1 mice lacking MT-I and MT-II were not attributable to artifacts of cross breeding, we repeated the experiment using a prolonged breeding protocol that sought to place the mice on the original G93A transgenic background. The results are shown in Figure 2 We also performed longitudinal analysis of motor function using both stride length and grip strength to determine the effects of MT-I and MT-II expression on disease onset and progression. Measurement of stride length is primarily an indicator of hindlimb motor function and has been well characterized in mutant SOD1 transgenic mice . By 6 months of age, G93A SOD1 mice have begun to develop abnormalities in gait characterized by stride shortening, which then progress over the next 2 months at a rate of 1.2 cm/month (Fig. 2 B) . In contrast, G93A SOD1 mice deficient for MT-I and MT-II demonstrated onset of gait abnormalities at a much earlier age. A decrease in stride length was apparent in these mice between 3 and 4 months of age and thereafter continued to decline at a rate of 0.7 cm/month. G93A SOD1 mice heterozygous for MT-I and MT-II demonstrated onset of abnormal gait at 5 months of age, again intermediate between G93A SOD1 and metallothionein-deficient G93A SOD1 mice. We then used grip strength as a primary measure of forelimb motor function in these mice (Fig. 2C) . G93A SOD1 mice demonstrated onset of significant grip weakness between 6 and 7 months of age. However, the onset of grip weakness was significantly accelerated in G93A SOD1 mice lacking both MT-I and MT-II, with initial declines observed between 4 and 5 months of age. Again, G93A SOD1 mice heterozygous for the MT-I and MT-II allele first exhibited grip weakness at an intermediate time point between 5 and 6 months.
Results from these tests of motor function reveal a dosedependent effect of MT-I and MT-II on the course of motor dysfunction in G93A SOD1 similar to what was observed for survival. However, although survival was shifted by ϳ1 month in G93A SOD1 mice lacking both MT-I and MT-II, the onset of motor dysfunction was shifted even more robustly. Thus, changes in non-neuronal metallothionein expression appear to alter the onset of motor dysfunction in mutant SOD1 mice to a greater extent than overall survival.
We next investigated whether G93A SOD1 deficient in MT-I and MT-II demonstrated any changes in spinal cord pathology to accompany the observed alterations in motor function. Spinal cords from endstage G93A SOD1 mice (8.5 months) and G93A SOD1 mice lacking MT-I and MT-II (7.5 months) showed extensive astrogliosis and microgliosis throughout the spinal cord and brainstem. Both lines also demonstrated significant and comparable neuronal dropout, with an ϳ75% loss in lumbar ventral horn motor neurons. The pathology in presymptomatic (3 month) G93A SOD1 mice and G93A SOD1 mice lacking MT-I and MT-II demonstrated mild astroglial changes and neuronal loss. Examination of tissue from an early symptomatic time point (5.25 months) indicated enhanced astroglial changes in the spinal cords of G93A SOD mice lacking MT-I and MT-II compared with G93A SOD1 mice with normal MT-I and MT-II (Fig. 3 A, B) . In addition, increased GFAP reactivity was observed in white matter tracts of spinal cord and brainstem compared with tissue from age-matched G93A SOD1 mice (Fig. 3C,D) . However, despite differences in non-neuronal pathology and motor deficits, neuronal loss in the lumbar ventral horn was similar in G93A SOD1 mice with or without MT-I and MT-II at each examined time point, including presymptomatic, early symptomatic, and end stage (Fig. 4) . These results indicate that, even if motor neurons are present, they may be dysfunctional and therefore cause a decline in motor function.
Survival in G93A SOD1 mice is dependent on neuronal MT-III expression
To address whether altering zinc binding proteins in neurons might also influence the course of mSOD1-induced disease in vivo, we crossed G93A SOD1 transgenic mice with MT-III knockout mice. Because previous experiments using MT-I and MT-II knock-out mice did not demonstrate significant differences between the accelerated and prolonged breeding paradigms, we selected the accelerated breeding paradigm for generating G93A SOD1 mice lacking MT-III.
The effects of reducing MT-III expression on the survival of G93A SOD1 mice are shown in Figure 5 . MT-III knock-out mice lacking the G93A SOD1 mutation do not exhibit any change in motor function or survival compared with wild-type mice. G93A SOD1 mice deficient for both MT-III alleles demonstrate a marked reduction in overall survival compared with G93A SOD1 mice possessing both wild-type MT-III alleles. The mean survival for G93A SOD1 mice (253 Ϯ 6 d) was reduced by over 20% to 202 Ϯ 4 d ( p Ͻ 0.0001 log-rank test) for G93A SOD1 mice lacking both MT-III alleles. No significant change in survival was observed for G93A SOD1 mice heterozygous for MT-III (249 Ϯ 6 d), indicating that one MT-III allele is sufficient to rescue the original phenotype and contrasts to the dose-dependent survival effects described previously for the non-neuronal metallothioneins. If survival in G93A SOD1 mice lacking MT-III is shortened by almost 2 months, we then asked whether a corresponding temporal shift in motor function also occurred in these mice. Longitudinal assessment of stride length in G93A SOD1 mice lacking MT-III revealed significant differences in motor function compared with G93A SOD1 mice (Fig. 5B) . Although both groups displayed a similar onset of gait abnormality between 5 and 6 months of age, the decline in motor function was much steeper for G93A SOD1 mice lacking MT-III (2 cm) than for G93A SOD1 mice (1.2 cm). Similar changes were observed for grip strength (Fig. 5C ). G93A SOD1 mice with and without MT-III exhibit normal grip strength until 5 months of age. After this time point, G93A SOD1 mice lacking MT-III show an accelerated rate of decline in motor function compared with G93A SOD1 mice. Thus, MT-III expression within neurons greatly affects survival of G93A SOD1 mice and markedly influences progression of mutant SOD1-induced disease.
Pathologic examination of spinal cord from presymptomatic and end stage G93A SOD1 mice with or without MT-III expression did not reveal significant differences in neuronal survival. However, at an early symptomatic time point (5.25 months), G93A mice lacking MT-III exhibited a significant increase in motor neuron loss compared with G93A mice with normal MT-III levels (Fig. 6) . Thus, in mice with alterations in neuronal MT-III, the increased severity of motor dysfunction parallels the more pronounced loss of motor neurons observed. This pattern is in contrast to the knock-out of non-neuronal metallothioneins in which the more severe changes in motor function are not matched by a more significant loss of motor neuron number.
Because of the importance of metallothioneins in zinc homeostasis, we next asked whether altering MT-III expression within the CNS of G93A SOD1 mice in fact led to corresponding changes in zinc levels. Total zinc levels in brain were determined for adult wild-type, MT-III knock-out, and G93A SOD1 mice with normal and absent MT-III expression. Zinc levels in MT-III knock-out mice were significantly lower than in wild-type mice (11.7 Ϯ 0.1 vs 13.0 Ϯ 0.1 g/gm tissue; p Ͻ 0.01). Zinc levels in G93A SOD1 mice (18.6 Ϯ 1.0 g/gm tissue; p Ͻ 0.002) were significantly higher (Ͼ50%) than in wild-type mice. G93A SOD1 mice lacking any MT-III expression also demonstrated significantly increased zinc levels (16.8 Ϯ 0.2 g/gm tissue; p Ͻ 0.004) compared with wild-type mice, although not to the same degree as G93A SOD1 mice with normal MT-III expression. Zinc levels in the brains of G93A SOD1 mice lacking MT-III were reduced compared with G93A SOD1 mice with normal MT-III expression, although results did not reach significance ( p Ͻ 0.07) because of variance in G93A SOD1 values. These results indicate that the total zinc pool within the CNS is reduced in mice lacking MT-III, raising the possibility that less zinc may be available for binding to SOD1.
Changes in disease phenotype are not related to increases in mutant SOD1 protein expression
Because the severity of mutant SOD1-induced disease in transgenic mice, both in terms of onset and progression, is clearly dependent on levels of mutant SOD1, we wanted to determine whether altering metallothionein synthesis could in fact result in changes of SOD1 protein expression. Western blot analysis of spinal cord and liver extracts from adult G93A SOD1 mice and from G93A SOD1 mice deficient in either MT-III or MT-I and MT-II show equivalent levels of mutant SOD1 protein expression (Fig. 7) . Thus, the changes in disease phenotype manifested in the absence of metallothionein expression are not simply attributable to a compensatory increase in mutant SOD1 protein levels.
DISCUSSION
Precise mechanisms underlying mutant SOD1 toxicity in ALS remain unclear, but there is growing evidence to support a potential role for zinc in the disease process. The mutations in SOD1 linked to familial ALS (FALS) span all five exons of the coding region and encompass virtually all functional domains of the protein, including the copper binding site, active site, dimer interface, and ␤ structural regions (Gaudette et al., 2000) . However, to our knowledge, no mutations in the four zinc binding residues in SOD1 have been identified in FALS, suggesting that interactions between zinc and SOD1 may be important for disease expression. Although zinc binding sites may be preserved in SOD1 mutations causing disease, studies have shown that zinc binding to mutant SOD1 is abnormal with consequences both for the enzymatic and structural integrity of the protein. Abnormal zinc binding to SOD1 results in its increased ability to catalyze addition of nitro groups to protein tyrosine residues. Changes in zinc binding also enhance the tendency of certain proteins, including prion protein and ␤ amyloid, to form insoluble complexes, and such mechanisms may contribute to the formation of SOD1 aggregates observed in the disease (Johnston et al., 2000; Cherney et al., 2001; Curtain et al., 2001; Quaglio et al., 2001) . Our findings that disease progression in G93A SOD1 transgenic mice is markedly affected by the expression of zinc binding metallothioneins provide one more piece of evidence to implicate interactions of zinc with mutant SOD1 as a contributing factor to the disease phenotype.
There are a number of ways in which changes in metallothionein expression might promote mutant SOD1-induced toxicity. Metallothioneins can function as zinc chaperones, ferrying zinc ions to certain apo-proteins, and in vitro experiments have found that metallothioneins can perform this function for apo-SOD1 (Suzuki and Kuroda, 1995) . Without metallothioneins, it may be harder to ensure adequate zinc loading for apo-SOD1, particularly in the context of the decreased affinity for zinc manifested by mutant SOD1 compared with wild-type SOD1 (Crow et al., 1997a) . Our findings indicating overall lower zinc levels in mice deficient for MT-III would be consistent with this hypothesis. Experiments have demonstrated that zinc-deficient SOD1 is highly toxic to motor neurons in culture, and similar processes may also occur in vivo (Estevez et al., 1999) . Metallothioneins also buffer excess zinc and protect cells from the potentially harmful consequences of excessive intracellular zinc. SOD1 is normally expressed at high levels within the CNS, comprising 1% of total protein, and, with up to a 20-fold decrease in zinc affinity for mutant SOD1 compared with wild-type SOD1, conditions may favor release of zinc from mutant SOD1 (Crow et al., 1997a; Elliott, 2001) . Excess zinc may be toxic through a variety of pathways, including modulation of glutamate receptor or transporter function, thus leaving neurons vulnerable to excitotoxicity (Sensi et al., 1999; Trotti et al., 1999; Mitrovic et al., 2001) . Recent work has suggested that, at least in yeast, SOD1 itself may play an important role in zinc metabolism (Wei et al., 2001) .
It is also possible that the protective effects of metallothioneins in G93A SOD1 mice may be unrelated to specific interactions with SOD1 but rather act through indirect and nonspecific mechanisms. Metallothioneins clearly protect cells against oxidative injury in general and may perform similar roles in mutant SOD1-induced disease. Recently, experiments have demonstrated that metallothioneins may also be found in mitochondria and appear to be important in modulating cellular respiration via changes in zinc levels within mitochondria (Ye et al., 2001) . The absence of metallothioneins could potentially lead to abnormal cellular respiration and enhanced mitochondrial dysfunction in cells already subjected to mutant SOD1 toxicity. In fact, studies from mutant SOD1 transgenic mice indicate that early and prominent mitochondrial pathology is a hallmark of mutant SOD1-induced disease (Dal Canto and Gurney, 1994; Wong et al., 1995) . Recent evidence suggests that some SOD1 may also localize to mitochondria, allowing for direct interactions between metallothionein and SOD1 in this organelle (Okado-Matsumoto and Fridovich, 2001; Sturtz et al., 2001 ).
Neuronal and non-neuronal cells in mutant SOD1-induced disease
The restricted expression of distinct metallothioneins in either glia or neurons also allows an assessment of both neuronal and non-neuronal contributions to the disease process. Although motor neuron dysfunction and degeneration are hallmarks of ALS, recent work has demonstrated that mutant SOD1 expression restricted to neurons is not sufficient to cause weakness in transgenic mice, suggesting that expression of mutant SOD1 in other cell types is necessary for the disease phenotype (Pramatarova et al., 2001 ). Glia cells, particularly astrocytes, may contribute to the generation of disease. Astrocytes develop early pathologic features, including SOD1-positive aggregate formation and selective loss of the principal glutamate transporter EAAT-2 (excitatory amino acid transporter-2) with concomitant alterations in glutamate transport function (Rothstein et al., 1995; Bruijn et al., 1997b; Canton et al., 1998) . Indeed, expression of mSOD1 can result in a post-translational inactivation of this glutamate transporter, potentially leading to the increases in extracellular glutamate observed both in familial ALS patients and mSOD1 transgenic mice (Rothstein et al., 1992; Trotti et al., 1999 : Alexander et al., 2000 . However, targeted expression of mutant SOD1 in astrocytes in transgenic mice, although resulting in astrocytosis, does not cause a motor phenotype or neuronal loss . Thus, experiments using cell-specific expression of mutant SOD1 suggest that defects in both neuronal and non-neuronal cells may be necessary for disease manifestation.
Our experimental results with metallothioneins indicate that both non-neuronal and neuronal dysfunction contribute to disease progression and survival in this murine model of ALS but do so in disparate ways. Deletion of non-neuronal metallothioneins reduces survival in G93A SOD1 mice by ϳ1 month but has a more marked effect on onset of motor deficits. However, this accelerated motor phenotype occurs without significant change in motor neuron number, indicating that extent of motor dysfunction and motor neuron loss may be discordant. In contrast, removal of neuronal MT-III produces a marked change in survival and disease course that is congruent with enhanced neuronal loss. Mechanisms underlying metallothionein-induced changes in either neuronal or non-neuronal populations from mutant SOD1 transgenic mice remain unclear but do not appear to be related to changes in mutant SOD1 expression. We are exploring currently whether those possible mechanisms include an enhanced capacity of SOD1 to catalyze peroxynitrite formation or an increased tendency for mutant SOD1 to form aggregates in the absence of metallothionein expression. 
